Adoptive immunotherapy is a potentially curative therapeutic approach for patients with advanced cancer. However, the in vitro expansion of antitumor T cells prior to infusion inevitably incurs differentiation towards effector T cells and impairs persistence following adoptive transfer. Epigenetic profiles regulate gene expression of key transcription factors over the course of immune cell differentiation, proliferation, and function. Using comprehensive screening of chemical probes with defined epigenetic targets, we found that JQ1, an inhibitor of bromodomain and extra-terminal motif (BET) proteins, maintained CD8 + T cells with functional properties of stem cell-like and central memory T cells. Mechanistically, the BET protein BRD4 directly regulated expression of the transcription factor BATF in CD8 + T cells, which was associated with differentiation of T cells into an effector memory phenotype. JQ1-treated T cells showed enhanced persistence and antitumor effects in murine T cell receptor and chimeric antigen receptor gene therapy models. Furthermore, we found that histone acetyltransferase p300 supported the recruitment of BRD4 to the BATF promoter region, and p300 inhibition similarly augmented antitumor effects of the adoptively transferred T cells. These results demonstrate that targeting the BRD4-p300 signaling cascade supports the generation of superior antitumor T cell grafts for adoptive immunotherapy. Figure 2. JQI, a BET bromodomain inhibitor, maintains CD8 + T cells with features of stem cell-like and central memory T cells. (A) Frequency of CD45RA +/-CD62L + CCR7 + cells within the CD8 + T cell population cultured for 14 days in the presence of JQ1 or (-)-JQ1 (n = 7, paired t test). (B) Expression of CD27, CD28, CD127, and CD95 in the CD8 + T cells cultured in the presence of JQ1 or (-)-JQ1. Representative FACS plots of the samples shown in A.
Introduction
Adoptive immunotherapy is a promising therapeutic option for cancer patients. Antitumor T cell grafts can be expanded from tumorinfiltrating lymphocytes or tumor antigen-specific T cells in the peripheral blood (1, 2) . Another strategy for generating T cell grafts is the genetic engineering of T cells with tumor-specific T cell receptors (TCRs) or chimeric antigen receptors (CARs) (3) . Recent clinical trials have shown that adoptively transferred T cells generated with different approaches can induce clinically relevant responses for a variety of malignancies (4) (5) (6) (7) (8) (9) (10) (11) . However, although some of the patients can achieve complete eradication of the tumors, many of the patients with partial responses eventually relapse (4, 5, 7, 12, 13) . The data from these clinical trials have suggested that persistence of the transferred T cells is highly correlated with treatment outcome (5, 14, 15) . Ex vivo cultured T cells form surface marker patterns similar to those of memory T cells in vivo as follows: stem cell-like memory (T SCM ), central memory (T CM ), and effector memory (T EM ) T cells. When adoptively transferred, T cells with T SCM and T CM phenotypes showed superior persistence and antitumor effects compared with T cells with the T EM phenotype in both mice and humans (15) (16) (17) (18) (19) . However, the in vitro expansion of T cells is inevitably accompanied with their differentiation; T SCM and T CM cells differentiate toward T EM cells as they proliferate upon TCR and cytokine stimulation (20) . Therefore, most of the T cell grafts currently used in adoptive T cell therapy trials comprise T cells with excessive differentiation.
Recent studies have highlighted that the differences in epigenetic architecture between each memory T cell subset are responsible for their distinct functions through the differential expression of multiple key transcription factors (21) (22) (23) (24) (25) (26) . Active or repressive epigenetic marks, including histone modifications and DNA methylation, are closely associated with transcriptional profiles at steady states and dynamic gene expression changes upon TCR stimulation. However, it remains largely unknown whether the exogenous manipulation of epigenetic states influences T cell differentiation status. In this study, we investigated the impact of epigenetic modification on memory T cell differentiation by using chemical probes with defined specificity for epigenetic enzymes and effector proteins. We found that JQ1, a specific inhibitor of bromodomain and extra-terminal motif (BET) proteins, supported the in vitro expansion of T cells with T SCM and T CM features. JQ1-treated T cells showed superior in vivo persistence and antitumor effects. These findings are applicable to adoptive immunotherapy for the generation of optimal T cell grafts.
Results
Screening of epigenetic targets that affect CD8 + T cell differentiation. We previously developed artificial antigen-presenting cells (APCs) that express a membrane-bound form of the anti-CD3 monoclo-Adoptive immunotherapy is a potentially curative therapeutic approach for patients with advanced cancer. However, the in vitro expansion of antitumor T cells prior to infusion inevitably incurs differentiation towards effector T cells and impairs persistence following adoptive transfer. Epigenetic profiles regulate gene expression of key transcription factors over the course of immune cell differentiation, proliferation, and function. Using comprehensive screening of chemical probes with defined epigenetic targets, we found that JQ1, an inhibitor of bromodomain and extra-terminal motif (BET) proteins, maintained CD8 + T cells with functional properties of stem cell-like and central memory T cells. Mechanistically, the BET protein BRD4 directly regulated expression of the transcription factor BATF in CD8 + T cells, which was associated with differentiation of T cells into an effector memory phenotype. JQ1-treated T cells showed enhanced persistence and antitumor effects in murine T cell receptor and chimeric antigen receptor gene therapy models. Furthermore, we found that histone acetyltransferase p300 supported the recruitment of BRD4 to the BATF promoter region, and p300 inhibition similarly augmented antitumor effects of the adoptively transferred T cells. These results demonstrate that targeting the BRD4-p300 signaling cascade supports the generation of superior antitumor T cell grafts for adoptive immunotherapy.
BET bromodomain inhibition enhances T cell persistence and function in adoptive immunotherapy models expansion of both CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + T cells ( Figure 1 , B and C). Although the HDAC inhibitors CI-994, LAQ-824, and valproic acid markedly enhanced the frequency of CD45RA +/-CD62L + CCR7 + cells, they did not increase the absolute number of T cells with these phenotypes because of their considerable toxicity (Supplemental Figure 2 ). We also tested the effects of each chemical probe on CD3 + CD45RO + T cells, which represent antigen-primed memory T cells, and found that JQ1 treatment enhanced the frequency and fold expansion of CD45RA -CD62L + CCR7 + T cells most efficiently (Supplemental Figure 3 ). Based upon these observations, we focused on BET proteins as promising targets for modulating CD8 + T cell differentiation during ex vivo T cell culture.
JQ1 maintains T cells with the functional and transcriptional properties of T SCM and T CM cells.
To further investigate the effect of BET protein inhibition on T cell differentiation, we used JQ1 as a representative probe that did not interfere with overall T cell viability or proliferation at 0.15 μM in our experimental system (Supplemental Figure 4 , A and B). First, we confirmed that JQ1 treatment supported the maintenance of both CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + cells within the CD8 + T cell populations nal antibody in conjunction with the immunostimulatory molecules CD80 and CD83 (aAPC/mOKT3) (27) . These cells robustly expanded polyclonal CD8 + T cells with memory T cell phenotypes in the presence of cocultured CD4 + T cells. Using this platform, we explored candidate epigenetic modulators that affect the differentiation status of CD8 + T cells without compromising their proliferation. Peripheral blood CD3 + T cells derived from a healthy donor were stimulated weekly with aAPC/mOKT3, and then individually treated with 31 chemical probes with defined epigenetic targets as listed in Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI86437DS1 ( Figure 1A ). Surface expression of CD45RA, CD62L, and CCR7 on CD8 + T cells was analyzed 14 days following the initial stimulation to identify the CD45RA + CD62L + CCR7 + or CD45RA -CD62L + CCR7 + T cell subsets, since these 2 populations exhibit superior in vivo persistence after adoptive transfer (18, 19, 28) . We found that several inhibitors targeting p300, BET proteins, and histone deacetylases (HDACs) supported the maintenance of both CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + T cells (Supplemental Figures 1 and 2) . In terms of the absolute cell number, treatment with JQ1, which targets BET proteins, resulted in the efficient Figure 1 . Screening of epigenetic targets that support the maintenance of CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + T cell phenotypes. (A) Peripheral blood CD3 + T cells were stimulated with artificial antigen-presenting cells that express a membrane-bound form of anti-CD3 mAb (clone OKT3), CD80, and CD83 (aAPC/mOKT3), and the cells were subsequently treated with epigenetic chemical probes. The surface expression of CD45RA, CD62L, and CCR7 on CD8 + T cells was analyzed 14 days following the initial stimulation. (B and C) The fold expansion of CD45RA + CD62L + CCR7 + cells (B) and CD45RA -CD62L + CCR7 + cells (C) within the CD8 + T cell population treated with each chemical probe 14 days following TCR stimulation is shown. Inhibitors of p300 and BET proteins are indicated in bold. The error bars represent the SD of 3 technical replicates. The dotted lines indicate the mean values in DMSO-treated control wells. jci.org Volume 126
Number 9 September 2016 presence or absence of JQ1. Although they progressively differentiated into T cells with a T EM phenotype upon stimulation, the T SCM and T CM marker phenotypes were significantly maintained with JQ1 treatment (Figure 2 , C and D). Furthermore, JQ1-treated CD8 + T cells secreted more IL-2 compared with the control, while they preserved IFN-γ and TNF-α production, resulting in a higher frequency of T cells with polyfunctional cytokine secretion ( Figure 2 , E and F). These results reflect the attributes of T SCM in multiple samples significantly better than (-)-JQ1, an inactive enantiomer of JQ1 ( Figure 2A ). Both subsets expressed CD27, CD28, and CD127 equally, and all of the cultured T cells were positive for CD95 ( Figure 2B ). Therefore, the CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + cells had phenotypes corresponding to T SCM and T CM cells, respectively, as described previously (28) . To assess the effect of JQ1 on T cell differentiation in more detail, we cultured naive (CD45RA + CD62L + CCR7 + ) T cells in the and T CM cells (28, 29) . Although CD4 + T cells maintained higher CD62L and CCR7 expression than CD8 + T cells, JQ1 treatment further enhanced this expression (Supplemental Figure 5 , A and B).
In addition, the JQ1-treated CD4 + T cells secreted more IL-2 upon TCR restimulation than the control CD4 + T cells (Supplemental Figure 5C ). Furthermore, we assessed the expression profile of representative genes with differential expression among the T SCM , T CM , and T EM phenotypes (Supplemental Figure 6 ). JQ1-treated CD8 + T cells had gene expression signatures consistent with the T SCM and T CM phenotypes compared with the control T cells ( Figure 2G ). We obtained similar results when CD45RO + T cells were treated with JQ1; JQ1-treated T cells significantly maintained CD8 + T cells with a T CM phenotype (Supplemental Figure 7A ). Similarly, these T cells produced more IL-2 and TNF-α upon TCR engagement and had gene expression profiles consistent with those of the T CM phenotype compared with the control (Supplemental Figure 7 , B-D). A similar effect of JQ1 was observed when T cells were stimulated with anti-CD3 antibody alone. In this case, the JQ1-T cells exhibited higher frequencies of T SCM and T CM populations and secreted more IL-2 than the (-)-JQ1-treated T cells (Supplemental Figure 8, A-D). These results suggest that JQ1 treatment can support the maintenance of T SCM and T CM phenotypes independently of costimulatory signals. Finally, we assessed the effect of JQ1 in the context of antigen-specific T cell stimulation using artificial APCs expressing HLA-A2 (aAPC/A2), which was previously developed to expand A2-restricted antigen-specific T cells (8, 30) . Peripheral blood CD3 + T cells derived from HLA-A2-positive donors were stimulated weekly with aAPC/A2 pulsed with A2/MART1 [27] [28] [29] [30] [31] [32] [33] [34] [35] peptide. Similar to the results observed for aAPC/mOKT3 stimulation, JQ1-treated T cells maintained T SCM and T CM phenotypes significantly better in the A2/MART1 multimer-positive CD8 + T cell pop-ulation ( Figure 2H and Supplemental Figure 9 ). These results indicate that JQ1 treatment enables the expansion of T SCM and T CM cells while inhibiting their differentiation into T EM cells in vitro.
JQ1-treated T cells have superior in vivo persistence and antitumor effects in a CAR gene therapy model.
Based on the observation that JQ1 treatment led to the expansion of T cells with T SCM and T CM phenotypes, we assessed its effect on the in vivo persistence of cultured T cells. CD3 + T cells were cultured in the presence of JQ1 or (-)-JQ1 and infused into irradiated NSG mice ( Figure 3A ). JQ1-treated T cells showed significantly higher engraftment in the peripheral blood, spleen, liver, and bone marrow compared with the control for , which was assigned a value of 1. (C) CD3 + T cells were stimulated with aAPC/mOKT3 and transduced with control or siBATF and truncated nerve growth factor receptor (ΔNGFR). The frequency of CD45RA +/-CD62L + CCR7 + cells within the ΔNGFR + CD8 + T cell population 14 days after initial stimulation is shown (n = 8, paired ANOVA). (D) The IL-2, IFN-γ, and TNF-α secretion levels were assessed by intracellular flow cytometry in the ΔNGFR + CD8 + T cell population upon restimulation with aAPC/mOKT3. Frequencies of IL-2-secreting cells and cells producing all 3 cytokines are shown (n = 6, paired ANOVA). (E and F) CD3 + T cells were stimulated with aAPC/mOKT3 and transduced with the control ΔNGFR or BATF-IRES-ΔNGFR. The CD8 + NGFR + cells were isolated on day 7 and immunoblotted for BATF (E, representative blots of 4 experiments). Frequencies of CD45RA + CD62L + CCR7 + cells (left y axis) and CD45RA -CD62L + CCR7 + cells (right y axis) within the ΔNGFR + CD8 + T cell population were assessed 14 days following stimulation (F, n = 9, paired ANOVA). (G) IL-2 production of NGFR + CD8 + T cells upon restimulation with aAPC/mOKT3 was assessed by intracellular flow cytometry (n = 4, paired ANOVA). (H-J) Naive T cells were pretreated with IL-7, transduced with lentiviral shRNAs against BATF, and stimulated with aAPC/mOKT3 or transplanted into irradiated NSG mice. Frequency of CD45RA +/-CD62L + CCR7 + cells within the ZsGreen + CD8 + T cell population was evaluated 10 days after stimulation with aAPC/mOKT3 (I, n = 5, paired ANOVA) or 11 days following T cell transplantation into NSG mice (J, n = 6, paired ANOVA). NS, not significant. jci.org Volume 126 Number 9 September 2016 (19) . We analyzed the in vitro and in vivo attributes of JQ1-treated CAR-T cells. CD3 + T cells were transduced with an anti-CD19 CAR construct encoding an FMC63-derived single-chain variable fragment (scFv) linked to CD28 and the CD3ζ chain (31) . After a 2-week expansion in the presence of JQ1 or (-)-JQ1, the drugs were withdrawn, and the cells' functional properties were compared ( Figure 4A ). When serially restimulated with the human erythroleukemic cell line K562 transduced with CD19 (K562-CD19), the JQ1-treated T cells showed superior proliferation compared with the control T cells ( Figure 4B ). They also exhibited more rapid cell division and reduced cell death upon stimulation (Figure 4 , both CD4 + and CD8 + T cells ( Figure 3B ). A T SCM subset with comparable frequency was found within the JQ1-or (-)-JQ1-treated CD8 + T cell population engrafted in the spleen, whereas T cells with a T CM phenotype were slightly more frequent among JQ1-treated T cells ( Figure 3C ). In terms of the absolute number of persistent cells, significantly more T SCM and T CM cells were recovered from mice injected with JQ1-treated T cells ( Figure 3D ). Next, we investigated the in vivo effect of JQ1 on antitumor T cells. Culturing CAR-T cells with IL-7 and IL-15 was recently found to preferentially expand the T SCM population, and those T cells have been shown to exhibit superior antitumor responses in vivo secretion, and the frequency of cells producing multiple cytokines was significantly higher among the JQ1-treated T cells ( Figure  5E ). We also evaluated cytokine secretion in the context of repeated TCR stimulation and found that JQ1-treated T cells similarly maintained their IL-2 secretion capacity (Supplemental Figure  13 ). As seen in the CAR-transduced T cells, no significant difference existed in the cytotoxic activity against A375 melanoma cells transduced with full-length MART1 (A375-MART1) ( Figure 5F ) (32) . To investigate the in vivo antitumor responses, the expanded T cells were injected into NSG mice that had been subcutaneously inoculated with A375-MART1 ( Figure 5G ). Although both JQ1and (-)-JQ1-treated T cells were initially effective against tumors, they relapsed at later time points ( Figure 5H ). However, JQ1-treated T cells significantly delayed the progression of tumors compared with control T cells, indicating the impact of JQ1 treatment on the durability of antitumor effects ( Figure 5I ). Moreover, the frequency of CD8 + A2/MART1 multimer + T cells in the peripheral blood was significantly higher in the JQ1-treated group ( Figure 5J ). These results demonstrate that JQ1 treatment promoted superior in vivo antitumor activity in TCR gene therapy, likely due to the improved persistence of the transferred T cells. JQ1 promotes the maintenance of T SCM and T CM phenotypes by suppressing BATF. We next investigated the mechanism of how JQ1 treatment affects T cell differentiation. Because the effect of JQ1 was more prominent after repeated TCR stimulation ( Figure  2C ), we speculated that JQ1 treatment prevents T cell differentiation by inhibiting genes induced upon TCR stimulation. Mele and colleagues recently reported that JQ1 inhibits Th17 differentiation in both mouse and human CD4 + T cells by repressing multiple Th17-related genes (33) . Based on these observations, we analyzed the previously published microarray data and extracted the transcription factors upregulated upon both TCR stimulation and Th17 differentiation ( Figure 6A ). Among these genes, we first focused on BATF and IRF4, which together play an important role in the effector CD8 + T cell differentiation (34) . The expression of both genes was rapidly upregulated upon aAPC/mOKT3-mediated TCR stimulation ( Figure 6B ). Although JQ1 treatment significantly attenuated BATF expression, it did not affect IRF4 expression. The JQ1-mediated suppression of BATF expression was also confirmed at the protein level ( Figure 6C ). We observed that BATF expression was similarly upregulated upon restimulation of the cultured T cells with aAPC/mOKT3, which was suppressed by JQ1 treatment at both the mRNA and protein levels ( Figure 6 , D and E). To investigate whether BET proteins directly regulate BATF expression, we performed chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) with an anti-BRD4 antibody, one of the major bromodomain transcription factors targeted by JQ1. As shown in Figure 6F , JQ1-treated T cells exhibited significantly less relative enrichment of BRD4 in the promoter region of BATF than control T cells, suggesting that BRD4 binds to the BATF promoter region and contributes to its upregulation upon TCR stimulation.
We next investigated whether the blockade of BATF expression contributed to the expansion of T cells with T SCM and T CM phenotypes. CD3 + T cells were stimulated with aAPC/mOKT3 and retrovirally transduced with an siRNA targeting BATF (Figure 7, A  and B ). The knockdown of BATF significantly enhanced the main-C and D). Moreover, JQ1-treated CAR-T cells showed improved cytokine production upon antigen encounter ( Figure 4E ). Interestingly, the IFN-γ, TNF-α, and IL-2 secretion levels were enhanced in JQ1-treated T cells. These phenotypes were maintained after repeated stimulation with K562-CD19 (Supplemental Figure  10) . The generated CAR-T cells showed similar in vitro cytotoxic activity against the CD19 + acute lymphoblastic leukemia cell line NALM-6 transduced with EGFP fused with firefly luciferase (NALM6-GL; Figure 4F ). These results are consistent with previous findings showing that the differentiation status of antitumor T cells does not necessarily affect their in vitro cytotoxic activity (16) . In order to assess the in vivo antileukemic effects of JQ1-treated CAR-T cells, the CAR-T cells expanded in the presence of JQ1 or (-)-JQ1 were injected into NSG mice that had been transplanted with NALM6-GL ( Figure 4G ). All of the untreated mice died within 4 weeks after leukemia cell infusion. Serial imaging of the leukemia cells showed an obvious delay of leukemia progression in the mice transplanted with JQ1-treated CAR-T cells ( Figure  4H and Supplemental Figure 11A ). The mice transplanted with JQ1-treated CAR-T cells showed significantly longer overall survival compared with the control mice ( Figure 4I ). We also assessed the persistence of the transplanted CAR-T cells in the peripheral blood. The CAR-T cells progressively declined throughout the time course ( Figure 4J and Supplemental Figure 11B ). At autopsy, NALM6-GL maintained the expression of CD19 and constituted 30%-90% of the bone marrow cells and 20%-60% of the spleen cells (Supplemental Figure 12A) . The residual T cells were mostly negative for CAR expression, and very few CAR + T cells were recovered from the spleen and bone marrow ( Supplemental Figure 12B and Supplemental Table 2 ). These results indicate that the cause of relapse was CAR-T cell disappearance rather than the loss of CD19 expression in leukemia cells. Nevertheless, the JQ1-treated T cells showed significantly better persistence than the control T cells at each time point. When evaluated in the peripheral blood, CAR-T cells with T SCM and T CM phenotypes gradually decreased and almost disappeared by day 35 after T cell transplantation, suggesting that they differentiated into T EM cells ( Figure 4K ). Since there was no significant difference in the frequency of these phenotypes within the CD8 + CAR + T cell population, the JQ1-treated T cells similarly differentiated into effector cells in vivo after withdrawal of the drug. Importantly, the overall frequency of these populations was higher in the JQ1-treated group at each time point ( Figure 4L ). These results demonstrate that JQ1 treatment enhances the in vivo persistence of CAR-T cells, which contributes to improved antitumor effects.
JQ1-treated T cells have superior in vivo persistence and antitumor effects in a TCR gene therapy model. We next investigated the influence of JQ1 treatment on the antitumor effects of TCR genetransferred T cells. CD3 + T cells were transduced with HLA-A2/ MART1 27-35 -specific TCR genes (clone DMF5) and were expanded for 2 weeks in the presence or absence of JQ1 ( Figure 5A ). JQ1-treated DMF5-transduced T cells showed superior proliferation upon serial stimulation by aAPC/A2 pulsed with MART1 [27] [28] [29] [30] [31] [32] [33] [34] [35] peptide ( Figure 5B ). Although no significant difference in the cellular division rate was found, the JQ1-treated T cells showed better viability than the (-)-JQ1-treated T cells upon stimulation ( Figure  5 , C and D). JQ1 treatment contributed to the maintenance of IL-2 jci.org Volume 126 Number 9 September 2016 difference was noted in the phosphorylation of AKT, an upstream enzyme regulating the mTOR pathway activity, suggesting that JQ1 regulated S6K phosphorylation downstream of the AKT pathway. Moreover, T cells transduced with lentiviral shRNAs against BATF also demonstrated a decreased level of pS6K compared with the control T cells (Supplemental Figure 18 , C and D). These results are consistent with previous findings that the CD8 + T cells derived from BATF-deficient mice exhibited a decreased level of phosphorylated S6K upon effector differentiation and that the inhibition of the mTOR pathway through AKT inhibition or the mTOR inhibitor rapamycin contributed to the generation of T cells with T SCM and T CM phenotypes (34, 40, 41) . p300 recruits BRD4 to the BATF promoter region and induces BATF transcriptional activity. Finally, we investigated the mechanism of BET protein recruitment to the BATF promoter region. In addition to JQ1, we found that multiple p300 inhibitors maintained CD45RA +/-CD62L + CCR7 + cells in the initial screening experiment (Figure 1, B and C) . We verified that the treatment of T cells with C646, a p300 inhibitor, significantly enhanced the maintenance of CD8 + T cells with T SCM and T CM phenotypes in multiple donor samples ( Figure 8A ). These T cells secreted more IL-2 and possessed polyfunctional cytokine secretion capacity ( Figure 8B) . Because p300 is one of the major histone acetyltransferases, we hypothesized that p300-mediated histone acetylation facilitates the binding of BRD4 to the BATF promoter. Similarly to JQ1, C646-treated CD8 + T cells exhibited significantly decreased expression of BATF upon TCR stimulation at both the mRNA and protein levels ( Figure  8, C and D) . Furthermore, the enrichment of BRD4 in the BATF promoter region was clearly reduced in the presence of C646 (Figure 8E ), suggesting that p300 is associated with the BRD4 occupancy at the BATF promoter. We also assessed the impact of C646 treatment on in vivo antitumor responses using an anti-CD19 CAR treatment model. C646-treated anti-CD19 CAR-T cells showed superior persistence when transferred into mice harboring CD19 + NALM-6 cells ( Figure 8F ). C646 treatment also enhanced the overall persistence of T cells with T SCM and T CM phenotypes compared with the control at each time point ( Figure 8G ). No significant difference was found in the frequency of these subsets within the CD8 + CAR + T cell population (Supplemental Figure 19 ). Consistent with their better persistence, C646-treated CAR-T cells showed superior antileukemic effects when evaluated in terms of overall survival ( Figure 8H ). Collectively, these findings show that BET proteins contribute to the effector differentiation of cultured T cells in a p300-dependent manner, which impairs their overall survival potential during ex vivo T cell expansion. Pharmacological inhibition of either BET proteins or p300 significantly improves the maintenance of T cells with T SCM and T CM phenotypes and enhances the effect of adoptive immunotherapy.
Discussion
In this study, we demonstrated that the BET bromodomain inhibitor JQ1 supported the maintenance of T cells with T SCM and T CM phenotypes in vitro without affecting overall proliferation. In addition to surface marker expression patterns, JQ1-treated T cells showed gene expression and cytokine secretion profiles reflecting those specific T cell subsets. Through the comprehensive analysis of the downstream BET protein target genes, we observed that tenance of the CD45RA + CD62L + CCR7 + and CD45RA -CD62L + CCR7 + populations following subsequent TCR stimulation (Figure 7C) . These 2 populations similarly expressed CD27, CD28, and CD127 (Supplemental Figure 14) . Moreover, the T cells with knockdown of BATF showed enhanced IL-2 secretion and cytokine polyfunctionality, as seen in the JQ1-treated T cells ( Figure  7D ). Conversely, when T cells were ectopically transduced with BATF cDNA, the frequency of T cells with T SCM and T CM phenotypes was partially but significantly reduced in the presence of JQ1 (Figure 7, E and F) . The JQ1-treated BATF-overexpressing T cells exhibited decreased IL-2 secretion ( Figure 7G ). These results demonstrate that BATF upregulation is associated with the differentiation of CD8 + T cells into effector memory T cells.
Next, we studied the effect of BATF knockdown on memory T cell formation from naive T cells. We used a lentivirus shRNA-mediated knockdown system for transduction into naive T cells without TCR stimulation (Supplemental Figure 15, A and B) . Isolated naive T cells were cultured in the presence of IL-7 and transduced with lentivirus vectors ( Figure 7H ). We confirmed that naive T cells were successfully transduced with the lentiviral plasmid without undergoing differentiation (Supplemental Figure 15C ). Upon in vitro TCR stimulation with aAPC/mOKT3, they acquired a memory T cell phenotype (Supplemental Figure 16A) . The BATF-suppressed CD8 + T cells showed significantly better retention of the T SCM and T CM phenotypes compared with the control T cells ( Figure 7I ). Next, we evaluated naive T cell differentiation in the in vivo setting. Naive T cells have been shown to differentiate into T cells with a memory phenotype through xenogeneic reactions within NSG mice (28) . Therefore, we evaluated the impact of BATF knockdown on memory T cell formation by transplanting naive T cells lentivirally transduced to express BATF shRNA into irradiated NSG mice. To elicit the engraftment of T cells, 5 million cultured CD3 + T cells were coinjected into each mouse. The mice were sacrificed 11 days after transplantation, and the differentiation status of the engrafted T cells was assessed. Strikingly, T cells transduced with the shRNA against BATF possessed a higher frequency of T SCM within the CD8 + ZsGreen + T cell population ( Figure  7J and Supplemental Figure 16B ). Conversely, the T CM phenotype was less frequent than in the control T cells. At later time points, the transplanted T cells further differentiated into T CM and T EM cells (Supplemental Figure 16C) . These results indicate that BATF knockdown does not arrest but does delay differentiation into the T EM cell population both in vitro and in vivo.
We also explored the effects of JQ1 on the expression of other genes listed in Figure 6A and several representative transcription factors associated with effector differentiation in mice (Supplemental Figure 17A ) (35) (36) (37) (38) (39) . Among these genes, FOSL2, ID2, and PRDM1 exhibited significantly reduced expression after JQ1 treatment. Although we tested the effects of these genes individually by siRNA-mediated knockdown, they did not affect the frequency of T cells with a T SCM or T CM phenotype (Supplemental Figure 17 , B and C). Additionally, we evaluated whether JQ1 treatment affects the activity of several essential pathways related to TCR and cytokine stimulation: ERK, MAPK, AKT, and S6K (Supplemental Figure 18, A and B) . Upon JQ1 treatment, the phosphorylation of S6K, a target protein of the mammalian target of the rapamycin (mTOR) pathway, was significantly reduced. Interestingly, no significant jci.org Volume 126 Number 9 September 2016
(P-TEFβ), promotes the formation of memory precursors in vivo (49) . Considering that BRD4 regulates P-TEFβ activity, the inhibition of BET proteins could also contribute to memory T cell formation, which should be evaluated in the in vivo setting. We also found that p300 helps to recruit BRD4 to the BATF promoter region. In fact, recent studies have demonstrated that BRD4 and p300 form a complex to transcriptionally activate several other genes such as MYC and FOS (50, 51) . Our studies of pharmacological modulation of BET and p300 point to an acetylation-dependent signaling mechanism, since JQ1 directly inhibits BET protein binding to acetylated lysine residues in chromatin and C646 inhibits the catalytic acetyltransferase activity of p300. Interestingly, p300 also functions downstream of BATF in Th17 cells, as indicated by the change in the genome-wide occupancy of p300 in the absence of BATF (52) . Further studies are warranted to investigate the bidirectional regulation between p300 and BATF.
In summary, we show that JQ1 treatment promoted the expansion of T cells with features of T SCM and T CM cells while inhibiting their differentiation into effector T cells via suppressing BATF. These findings are applicable to a broad range of adoptive immunotherapy for generating optimal T cell grafts.
Methods
In vitro culture of human T cells. Healthy donor-derived peripheral blood mononuclear cells were isolated by Ficoll-Paque PLUS density gradient centrifugation (GE Healthcare). All donors were identified to be positive or negative for HLA-A*02:01 (A2) by high-resolution HLA DNA typing (American Red Cross). CD3 + or CD8 + T cells were purified through negative magnetic selection using a Pan T Cell Isolation Kit and CD8 + T Cell Isolation Kit (Miltenyi Biotec), respectively. CD45RO + memory T cells were isolated from CD3 + T cells through negative selection with anti-CD45RA microbeads (Miltenyi Biotec). CD45RA + CD62L + CCR7 + naive T cells were separated by negative selection with anti-CD45RO microbeads and subsequent positive selection with anti-CD62L microbeads (Miltenyi Biotec). The coexpression of CCR7 in the isolated CD62L + cells was confirmed by flow cytometry. Purified T cells were stimulated with aAPC/mOKT3 irradiated with 200 Gy at an effector to target (E:T) ratio of 3:1. On the following day, 100 IU/ml IL-2 and 10 ng/ml IL-15 (Peprotech) were added to the cultures. Culture media were replenished every 3 days. Unless otherwise noted, T cells were restimulated with aAPC/mOKT3 once per week. For antigen-specific stimulation of T cells, HLA-A*02:01 (A2) + donor-derived T cells were weekly stimulated with aAPC/A2 pulsed with 10 μg/ml heteroclitic MART1 [27] [28] [29] [30] [31] [32] [33] [34] [35] peptide at an E:T ratio of 10:1 as previously described (53) . Synthetic peptides were obtained from ProImmune. For TCR stimulation without costimulatory signaling, CD3 + T cells were stimulated with anti-CD3 mAb (clone OKT3) coated on a plate at 5 μg/ml.
Cell lines. Both aAPC/mOKT3 and aAPC/A2 are derived from the human erythroleukemic cell line K562 and were established as previously described (30) . aAPC/A2 has successfully been used in the clinic (8) . The CD19 + leukemia cell line NALM-6 was obtained from DSMZ. The melanoma cell line A375 was obtained from American Type Culture Collection (ATCC). All the cells were routinely checked for the presence of mycoplasma contamination using a PCR-based technology.
Retroviral transduction of T cells. PG13 packaging cells stably transduced with each retrovirus plasmid were used for infection of T cells. Transduction was performed 2 days following stimulation with aAPC/ JQ1 inhibited the expression of BATF, which is regulated by BRD4 and p300 upon TCR stimulation. Importantly, JQ1-treated T cells demonstrated superior in vivo persistence and antitumor effects in multiple cancer immunotherapy models.
It is now emerging that the quality of T cells used for adoptive immunotherapy can be significantly improved by modulating particular signaling pathways such as PI3K/AKT, glycolytic pathways, and the Wnt/β-catenin pathway (40, 42, 43) . In addition to previous findings, we provide evidence that the inhibition of BET proteins contributes to the generation of long-lived T cells. Importantly, JQ1 treatment was effective for both naive T cells and CD45RO + memory T cells. Naive T cells and stem cell-like memory T cells are superior T cell sources when peripheral blood T cells are used for gene transfer. By contrast, most of the naturally occurring tumor-infiltrating lymphocytes are antigen primed and have differentiated into CD45RO + memory T cells, in which maintenance of the T CM phenotype is the best strategy for generating optimal antitumor T cells (44) (45) (46) . Our results suggest that JQ1 treatment should confer beneficial effects to a variety of T cell grafts.
The effects of JQ1 at least in part resulted from the transcriptional modulation of BATF. BATF is a transcription factor essential for the differentiation of CD8 + T cells into effector T cells by regulating the metabolic state of TCR-stimulated T cells (34, 47) . In a murine virus infection model, Batf-deficient CD8 + T cells exhibit increased memory precursors and reduced effector functions. Although BATF is required for efficient effector T cell functions in vivo, we found that suppression of BATF expression is advantageous during ex vivo expansion of T cells. In addition, it has recently been shown that BATF expression induces exhaustive phenotypes and limits the IL-2 secretion of T cells, which is consistent with our data (48) . Collectively, these data suggest that a transient blockade of the pathways or genes required for effector T cells generates better T cell grafts for adoptive immunotherapy. Pharmacological intervention is suitable for this purpose, which can transiently suppress effector T cell programs. The transferred T cells are then released from pharmacological inhibition and can acquire robust effector functions in vivo. In addition to BATF, there are several other transcription factors essential for effector T cell differentiation, including T-BET, Blimp-1, IRF4, and ID2 (34, (37) (38) (39) . These factors have nonredundant roles in determining the fate of antigen-primed T cells, since genetic knockout of the individual genes results in significant changes in memory/effector establishment. Although we did not observe any significant influence of inhibiting several of these genes on phenotype markers, this lack of evidence does not necessarily exclude them from potential roles in memory T cell differentiation. Because these transcription factors form complex networks and often regulate each other, simultaneous interventions may be required to affect T cell differentiation. In addition, several other proteins may affect important steps in human memory T cell differentiation in the context of ex vivo T cell expansion. Further exploration of JQ1induced gene expression alterations will be crucial to achieving a comprehensive understanding of the inhibition mechanism.
BET proteins might also play a role in effector T cell formation in vivo. Interestingly, recent studies using in vivo RNA interference screening have identified that knockdown of cyclin T1, a major component of the positive transcription elongation factor β were used. In the experiments for evaluating in vivo persistence of the cultured T cells, mice were irradiated (1.5 Gy), and were injected with T cells on the following day. In the leukemia treatment model, the CD19 + NALM-6 leukemia cell line was transduced with pMX-EGFP-firefly luciferase for in vivo imaging studies, and 5 million of the cells were intravenously injected into NSG mice. CD3 + T cells were retrovirally transduced with anti-CD19 CAR and transplanted into the mice 14 days following NALM6-GL infusion. CAR-transduced T cells were stimulated with K562 transduced with CD19 seven days following the initial stimulation.
Imaging of the tumor cell localization was performed with a Xenogen XPM-2 (Perkin Elmer). The mice were monitored for health and body weight and were euthanized by CO 2 inhalation when they became moribund or when weight loss exceeded 20% of body weight before tumor injection. All the dead mice underwent autopsy and the cause of death mOKT3 for 3 consecutive days. The full-length BATF cDNA was cloned into the pMX-internal ribosome entry site (IRES)-truncated nerve growth factor receptor (ΔNGFR) (32, 54) . HLA-A2/MART1 27-35 TCR (clone DMF5) genes were provided by Steven A. Rosenberg (NIH/NCI, Bethesda, MD) and subcloned into the pMX vector. The anti-CD19 CAR (FMC63 anti-CD19 scFv linked with CD28 and CD3z) was also subcloned into the pMX vector. Lentiviral transduction of T cells. For lentivirus production, 293T cells were transfected with the pLVX-shRNA2 plasmid (Clontech), psPAX2, and pMD2.G. The virus supernatants were collected and immediately used for transduction into purified naive T cells. To enhance the transduction efficiency, naive T cells were pretreated with 10 ng/ml IL-7 (Peprotech) for 5 days before transduction (55) . The shRNA-transduced T cells were distinguished as ZsGreen + cells.
Epigenetic chemical probes. Epigenetic probes used in the experiments are listed in Table S1 and were used at the indicated concentrations. The (-)-JQ1 enantiomer was used at the same concentration as JQ1 (0.15 μM). Valproic acid and decitabine were purchased from Sigma-Aldrich. All the reagents were dissolved in DMSO except for UNC1215 and valproic acid, which were dissolved in water. DMSO was added at a final concentration of 0.01% (v/v), including the control.
Flow cytometry. The following antibodies were used for flow cytometry: APC-Cy7-anti-CD4 (clone RPA-T4, BioLegend), PE-Cy7-anti-CD8 (clone SFCI21Thy2D3, Beckman Coulter), FITC-anti-CD45RA (clone MEM-56, Life Technologies), APC-Cy7-anti-CD45RA (clone HI100, BioLegend), Pacific Blue-anti-CCR7 (clone G043H7, BioLegend), APC-Cy7-anti-CD27 (clone O323, BioLegend), APC-anti-CD28 (clone CD28.2, BioLegend), PE-anti-CD127 (clone HIL-7R-M21, BD Biosciences), PerCP/Cy5.5-anti-CD95 (clone DX2, BD Biosciences), APCanti-CD45 (clone HI30, BioLegend), PE-anti-CD271 (clone ME20.4, BioLegend), PE-Cy7-anti-CD271 (clone ME20.4, BioLegend), V450anti-CD271 (clone C40-1457, BD Biosciences), FITC-anti-IL-2 (clone 5344.111, BD Biosciences), PE-anti-TNF-α (clone MAb11, BioLegend), PE-Cy7-anti-IFN-γ (clone 4S.B3, BioLegend), Alexa Fluor 488-anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (clone E10, Cell Signaling Technology), Alexa Fluor 647-anti-phospho-p38 MAPK (Thr180/ Tyr182) (clone 28B10, Cell Signaling Technology), PE-anti-STAT5 (pY694) (clone 47/Stat5(pY694), BD Biosciences), anti-phospho-S6 ribosomal protein (Ser235/236) (catalog 2211; Cell Signaling Technology), anti-phospho-Akt (Thr308) (clone D25E6; Cell Signaling Technology), and anti-BATF antibody (clone D7C5; Cell Signaling Technology). R-PE-anti-rabbit IgG (H+L) (Jackson ImmunoResearch) was used as the secondary antibody following staining with anti-phospho-S6 ribosomal protein (Ser235/236), anti-phospho-Akt (Thr308), and anti-BATF antibody. The stained cells were analyzed with a FACS Canto II (BD Biosciences). The data analysis was performed with Flowjo software (Tree Star). For intracellular flow cytometric analysis of cytokine production, T cells were stimulated with aAPC/mOKT3 at an E:T ratio of 1:1, and incubated for 6 hours. Brefeldin A (BioLegend) was added to the cultures 2 hours following the stimulation. The cells were then fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences). For CFSE dilution assay, T cells were labeled with 5 μM CFSE (Life Technologies) before culture. Dead cells were discriminated with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Life Technologies). The CAR-transduced T cells were stained with biotin-labeled protein L (Genscript), followed by streptavidin-PE (Life Technologies) or streptavidin-APC (Jackson ImmunoResearch).
